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Abstract 

Formation  and  degradation  of  molecular  species  of  the  substrate-receptor  complex  (p-A- 
methylcatechol)(/x-peroxo-dicobalt(lll)-BISDIEN  were  studied  by  UV-vis  spectroscopy.  The 
family  of  absorbance  curves  show  an  intense  charge  transfer  band  with  a  maximum  at  367 
nm.  The  degradation  redox  reaction  showed  first  order  behavior.  The  reactive  intermedaite 
has  a  peroxo  bridge  and  a  bridging  substrate,  4-methylcatechol  coordinated  to  the  two 
metal  centers  in  the  macrocycllc  cavity.  In  the  presence  of  excess  substrate  and  dioxygen, 
the  reaction  is  catalytic  and  the  product  is  3-methyt-  c/s,c/s-muconic  acid,  which  was 
separated  by  HPLC  and  characterized  by  mass  spectrometry.  When  3,5-di-f-butytcatechol 
was  used  in  place  of  4-methytcatechol  the  redox  reaction  was  not  observed.  This  substrate 
cannot  coordinate  to  the  bimetallic  center  in  the  cavity  of  BISDIEN,  and  is  not  oxidized. 
The  results  are  discussed  on  the  basis  of  the  selectivity  of  the  receptor  complex. 
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Introduction 

Macrocyclic  ligands,  1,  having  two  chelating  subunits  can  form  both  mono-  and  binuclear 
complexes  with  metallic  cations  (2  and  3).  The  distance  and  the  spacial  arrangement  of  the  two  metal 
centers  are  determined  by  the  structure  of  the  macrocycle,  and  with  appropriate  macrocycles,  receptor- 
substrate  complexes  (also  called  cascade  complexes)  are  formed  by  subsequent  coordination  of  a 
bridging  substrate  bonding  to  the  two  metal  centers,  4  (Figure  1).^ 

The  macrocyclic  Iigand1,4,7,i3,16,l9-hexaaza-10,22-dioxacyclotetracosane  (BISDIEN),  5,  is  a 
bichelating  macrocycle  containing  two  diethylenetriamlne  units  connected  by  two  diethylene  oxo  ether 
chains.  It  forms  binuclear  complexes  with  the  first  row  transition  metals,  and  these  complexes  can  act  as 
receptors  for  bidentate  anions  bridging  two  metal  centers  in  the  cavity  of  the  macrocycle.^’^  In  this  case 
the  binuclear  complexes  are  called  receptors  (or  hosts)  and  the  bridging  anions  are  the  substrates  (or 
guests).^ 

Formation  of  a  binuclear  complex  with  a  bridging  oxalate,  (^-hydroxo)(M-oxalato)Cii- 
peroxo)dicobalt-BISDIEN  and  subsequent  oxidation  of  the  oxalate  anion  has  been  reported.®  Recently, 
equilibrium  studies  on  catechoi-bridged  binuclear  cobalt(ll)-BISDIEN  dioxygen  complexes  were 
described.®  Catechol  bridges  two  cobalt  centers  in  the  cavity  of  the  macrocycle  BISDIEN  as  in  6,  together 
with  two  other  bridging  ligands,  /i-peroxo  and  /i-hydroxo.  The  close  proximity  of  the  oxidant  and  reductant, 
as  well  as  their  simultaneous  coordination  to  the  two  metal  centers,  is  expected  to  lead  to  a  facile  redox 
reaction. 

Experimental 

Materials.  The  BISDIEN.BHBr  employed  was  synthesized  by  a  modification  of  the  method 
previously  described.  4'Methyicatechol,  3-5-di-t-butyicatechol,  potassium  chloride  (supporting 
electrolyte),  and  cobalt(ll)  chloride  hexahydrate  (CoCl2-6^20)  reagent  grade  materials  and  were  used 
without  further  purification.  The  stock  solution  of  cobalt(ll)  was  standardized  by  titration  with  EDTA  and 
murexide  as  indicator.^ 

Spectrophotometric  Studies.  Uv-visible  measurements  were  carried  out  with  a  Hewlett  Packard 
8450  diode  array  spectrophotometer,  equipped  with  a  thermostated  cell  compartment.  Cells  of  1 .000  cm 


3 


path  length  were  used,  with  the  reference  containing  0.100  M  KCI.  Samples  of  about  0.010  mmol  of 
BISDIEN,  0.0196  mmol  of  Co(ll),  and  0.010  mmol  of  4-methylcatechol  or  3,5-di-f-butylcatechol  were  diluted 
to  100  mL  of  solution,  and  50  mL  were  transferred  to  a  sealed  thermostated  vessel  at  25.0  ±0.10  °C.  The 
p[HJ  (p[H]  =  -log  [H  ■*■])  values  of  solutions  were  adjusted  by  addition  of  small  volumes  of  2  M  KOH  or  2  M 
HCI  with  a  Gilmot  microburet  attached  to  a  thermostated  vessel.  The  experimental  vessel  was  also  fitted 
with  glass  and  reference  electrodes,  and  gas  inlet  and  outlet  tubes.  The  dioxygen  complex  was  allowed  to 
form  at  25.0  °C  and  about  3.5  mL  of  solution  were  taken  at  intervals  of  time  to  measure  the  absorbance. 
Results  and  Discussion 

Following  the  suggestion  presented  in  Figure  1.  the  formation  of  (M-hydroxo)0x-4-methyl- 
catecholato)(/[i-peroxo)dicobalt-BISDIEN  is  shown  in  Scheme  I.  Coordination  of  a  Co(ll)  Ion  In  one  pocket 
of  BISDIEN  yielding  7  is  followed  by  coordination  of  a  second  Co(ll)  ion  forming  the  binuclear  species  8. 
Dioxygen  coordinates  to  the  two  Co(ll)  ions,  and  a  hydroxyl  ion  also  bridges  the  two  metal  centers,  as  in  9. 
Each  cobalt  ion  is  assigned  a  formal  charge  +3  and  dioxygen  is  Indicated  as  a  peroxo  bridge.^  The 
complex  (/i-hydroxo)Oi-peroxo)dicobalt-BISDIEN  behaves  as  a  receptor  for  the  substrate  4-methy1catechol 
to  form  (;i-hydroxo)(/i-4-methylcatecholate)0i-peroxo)dicobalt-BISDIEN,  10. 

Degradation  of  0*-hydroxo)Oi-methylcatechol)(p-peroxo)dicobalt-BISDIEN  is  too  rapid  to  allow 
potentiometric  equilibrium  studies.  On  the  other  hand,  with  catechol  instead  of  4-methy1catechol  the 
reaction  is  slow  enough  for  such  studies.  The  dioxygen  complexes  formed  in  the  catechol-  and  Tiron- 
bridged  binuclear  Co(ll)-6ISDIEN  systems  were  studied  and  the  species  were  characterized 
potentiometrically.®  Figure  2  shows  the  distribution  curves  of  the  1:2:1  BISDIEN:Co(ll):catechol  system 
under  oxygen  as  a  function  of  -log  [H'*'].  The  dihydroxo  species  predominates  at  p[l-l]  values  above  1 1.0. 
The  relative  concentration  of  this  species  decreases  as  the  p[H]  decreases  while  the  concentration  of  the 
monohydroxo  species  increases,  reaching  a  maximum  at  p[H]  8.8,  at  which  it  is  67.0%  formed.  Protonation 
of  this  species  yields  the  bivalent  complex.  Co202LCat^’‘',  which  is  formed  with  a  maximum  at  pjH]  7.9. 
Two  other  protonated  species,  Co202l^*-Cat^  ^  and  Co202H2LCat^''',  are  formed  at  lower  p[H]  values. 
The  species  distribution  curves  in  Figure  2  were  used  as  analogs  of  the  4-methylcatechol  complexes  and  to 
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interpret  the  kinetics  of  degradation  of  /i-4-methytcatecholato,  /i-peroxo  binuclear  Co(ll)-BISDIEN 
complexes. 

Formation  of  /i-4-methylcatecholato,  ^-peroxo  binuclear  Co(ll)-BISDIEN  complexes  were  followed 
by  UV-vis  spectroscopy  at  25.0  ®C,  and  about  two  hours  were  allowed  for  complete  formation  of  the 
complex  under  an  oxygen  atmosphere.  After  that,  the  temperature  was  increased  to  50.0  °C  under  a 
nitrogen  atmosphere,  and  degradation  of  these  complexes  was  followed.  Figure  3  shows  a  family  of  UV-vis 
curves  with  maxima  at  367  nm.  Intense  charge-transfer  absorption  bands  in  the  350-400  nm  range  are 
characteristic  of  dioxygen  complexes.  A  plot  of  log  (A-A)  vs  time  gave  straight  lines,  indicating  first-order 
behavior.  Figure  4  shows  the  graphical  determination  of  the  rate  constant  at  p[H]  10.14  and  50.0  °C,  to  give 
the  value  6.0  x  10'^  s'^ .  Constants  obtained  at  other  pH  values  are  presented  in  Table  I. 

The  contribution  of  each  protonated  and  deprotonated  species  of  4-methylcatechol-bridged 
binuclear  Co(ll)-6ISDIEN  dIoxygen  complexes  were  determined  by  equation  (1)  and  the  distribution  curves 
of  Figure  2. 

kobstconfiplex]  =  ki(Co202H2LCat^'^]  +  k2(Co202HLCat®'*’)  +  k3[Co202LCat^''']  (1) 

+  k4[C0202(0H)LCaf^]  +  k5lCo202(OH)2Cat°] 

Co202H2LCat^'''  and  Co202HLCat®‘'’  are  protonated  forms  of  4-methylcatechol-bridged  bi¬ 
nuclear  Co(ll)-BISDIEN  dioxygen  complexes:  Co202LCat^‘'’  is  the  bivalent  form,  and  Co202(OH)LCat'‘^ 
and  Co202(OH)2Cat°  are  hydroxo  complexes.  The  specific  rate  constants  determined  are  reported  in 
Table  II.  The  reactivity  of  each  complex  species  are  of  the  same  order  of  magnitude,  and  for  the  two 
protonated  forms  were  assumed  to  be  the  same.  The  results  are  reasonable  in  that  all  species  have  a 
peroxo  bridge  and  the  substrate  bridged  to  the  two  metal  centers.  The  small  differences  in  the  reactivity  of 
each  species  could  be  due  to  conformational  differences,  and  the  presence  of  an  additional  coordinating 
group  in  the  hydroxo  complexes. 

An  experimental  solution  containing  BISDIEN,  Co(ll),  and  an  excess  of  4-methylcatechol  and 
oxygen  were  allowed  to  react  completely  to  transform  all  substrate  into  the  reaction  product.  The  product, 
as  a  result  of  an  oxidation  reaction,  could  be  an  orrhoquinone  as  in  11,  or  an  open  chain  product  such  as 
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the  c/s,  c/s-muconic  acid,  12.  Three  mass  spectra  were  taken  from  the  product  separated  by  HPLC.  All 
three  showed  a  peak  at  m/z  =  219  is  identified  as  [m  +  Cu]  where  Cu  is  from  the  probe. 

The  results  Indicate  that  in  an  excess  of  substrate  and  oxygen,  the  reaction  is  catalytic  and  the 
product  is  the  open  chain  3-methyl-c/s,c/s-muconic  acid.  No  attempt  was  made  to  see  which  isomer  is 

formed  but  in  the  oxidation  of  catechoi  by  the  enzyme  pyrocatecase  the  product  is  c/s,c/s-muconic  acid.®' 
11 

The  proposed  mechanism  for  the  oxidation  of  4-methylcatechoi  in  the  cavity  of  BlSDiEN  is  shown 
in  Scheme  ii.  Dioxygen  and  4-methyicatechoi  coordinate  to  the  two  metai  centers  in  the  cavity  of  BiSDIEN 
forming  (/i-4-methylcatehoi)(;i-peroxo)dicobalt-BISDIEN,  13,  in  which  one  electron  of  each  Co^'*’  is 
transferred  to  the  dioxygen  to  form  a  peroxo-bridge.  The  two  eiectron  transfer  from  the  substrate  to  the 
metal  centers  yields  14,  which  Is  followed  by  oxygen  insertion  and  bond  breaking  forming  3- 
methylmuconic  acid  and  binuclear  Co(ll)-BISDIEN.  Further  coordination  of  another  dioxygen  molecule  and 
4-methyfcatechoi  closes  the  catalytic  circle. 

Molecular  Recognition.  When  3,5-di-f-butylcatechol  was  used  in  place  of  4-methylcat6chol,  the 
oxidation  reaction  was  expected  to  occur  faster,  since  the  presence  of  two  f-butyt  radicals  bonded  to  the 
aromatic  ring  makes  the  oxidation  of  this  substrate  much  easier  than  4-methylcatechol  or  catechoi  itself. 
However,  the  oxidation  reaction  was  not  observed  or  was  too  slow  when  3,5-di-f-butylcatechol  was  used 
instead  of  4-methylcatechol.  HPLC  revealed  formation  only  of  the  (M-hydroxo)(/i-peroxo)dicobalt-BISDIEN, 
with  3,5-di-f-butylcatechol  uncoordinated.  The  detection  of  0i-3,5-di-f-butylcatechol)0i-peroxo)dicobalt- 
BISDIEN  by  potentiometric  titration  also  failed.  This  species  does  not  form,  or  its  concentration  is  too  small 
to  be  detected  by  this  technique. 

Although  3,5-di-r-butylcatechol  is  a  better  reducing  agent  than  4-methylcatechoi,  it  does  not 
undergo  oxidation  because  it  cannot  coordinate  to  the  two  metal  centers  of  the  host  complex.  Since  all  the 
dioxygen  in  the  deaerated  solution  is  present  as  a  ^-peroxo  group,  bridging  the  two  cobalt  centers  in  the 
cavity  of  BISDIEN,  the  oxidation  reaction  requires  the  substrate  to  be  coordinated  to  the  metal  centers. 
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Figure  Captions 

Figure  1  Sequential  formation  of  a  cascade  complex  involving  complexation  of  two  metal  cations  to 

yield  a  binuclear  macrocyclic  complex,  followed  by  coordination  of  a  bridging  substrate  to 
the  two  metal  centers. 

Figure  2  Species  distribution  curves  of  the  1 :2:1  BISDIEN:Co(ll):catechol  system  under  oxygen  as  a 

function  of  -log  [H  ■*■  ] ,  for  a  solution  initially  containing  1 .00  x  1 0"^  M  catechol  under 
oxygen  (Po2=  ^  where  Co202LCat^'''  is  the  bivalent  species  of  catechol  bridged 
binuclear  cobalt{ll)-BISDIEN  dioxygen,  Co202(OH)LCat''’  and  Co202(OH)2LCat°  are  the 
mono-  and  dihydroxo  species,  respectively,  and  Co202HLCat^‘''  and  Co202H2LCat'*'^ 
are  the  mono  and  diprotonated  species. 

Figure  3  Absorption  spectra  illustrating  the  degradation  of  the  4-methyl-bridged  binuclear  Co(ll)- 

BISDIEN  dioxygen  complex  at  50.0  °C;  m  =  0.100  M  KO.  [BISDIEN]  =  1 .00  xIO"^  M,  p[H] 

=  10.14. 

Figure  4  First  order  plot  for  degradation  of  the  4-methy1-bridged  binuclear  Co^il)-BISDIEN  dioxygen 

complex  at  p[H]  10.14  and  50.0  ®C. 

Figure  5  Mass  spectra  of  2.65  mg  of  the  product  of  oxidation  of  4-methy1catechol;  (a)  is  in 

DTT/DTE  with  Nal  matrix,  (b)  is  in  3-NBA/Lil  matrix,  and  (c)  is  in  3-NBA/KI  matrix.  The 
molecule  is  C7H8O4  and  molecular  weight  is  156;  (m  +  Cu)  =  219. 
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Table  1,  Observed  rate  constants  for  degradation  of  4-methylcatechol-bridged  binuclear  Co(ll)-BISDIEN 


dioxygen  comeplexes  at  50.0  °C  and  muC  and  mu  =  0.100  M  (KCI) 


pH 

kobs* 

10.14 

6.0x10’^ 

9.56 

6.3x10'^ 

8.15 

6.2  X  10'^ 

7.70 

5.4x10'^ 
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Table  II.  Specific  rate  constants  for  degradation  of  4-methylcatechol-bridged  binuclear  Co(ll)-BISDIEN 
dioyxgen  complexes  at  50.0  °C  and  p  =  0.100  M  (KCI) 


k,  min 


-1 


Species 
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Scheme  I.  Formation  of  0i-hydroxo)(/i-4-methylcatechol){M-peroxodicobalt(ll)-BlSDIEN,  10,  where 

the  complex  Oi-hydroxo)(/i-peroxo)dicobalt(ll)-BlSDIEN,  9,  is  the  receptor  complex  and  4- 
methylcatechol  is  the  substrate. 
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Scheme  II.  Proposed  mechanism  for  the  oxidationof  4-methylcatechol  in  the  cavity  of  BISDIEN 


12 


COOH 

COOH 


